Histone methylation plays important biological roles in eukaryotic cells. Methylation of lysine 9 at histone H3 (H3K9me) is critical for regulating chromatin structure and gene transcription. Dim5 is a lysine histone methyltransferase (KHMTase) enzyme, which is responsible for the methylation of H3K9 in eukaryotes. In the current study, we identified a single ortholog of Neurospora crassa Dim5 in Fusarium verticillioides. In this study, we report that FvDim5 regulates the trimethylation of H3K9 (H3K9me3). The FvDIM5 deletion mutant ( FvDim5) showed significant defects in conidiation, perithecium production and fungal virulence. Unexpectedly, we found that deletion of FvDIM5 resulted in increased tolerance to osmotic stresses and upregulated FvHog1 phosphorylation. These results indicate the importance of FvDim5 for the regulation of fungal development, pathogenicity and osmotic stress responses in F. verticillioides.
INTRODUCTION
Fusarium verticillioides (synonym, Fusarium moniliforme Sheldon; teleomorph Gibberella moniliformis) is the most ubiquitous mycotoxigenic fungus known to cause ear, stalk and kernel diseases in maize crops throughout the world (Nelson 1992) . Fusarium verticillioides produces fumonisins in maize kernels during infection (Shim and Woloshuk 2001; Munkvold 2003) . Among this group of polyketide-derived mycotoxins, fumonisin B1 (FB1) has been shown to be harmful to human and animal health (Howard et al. 2001; Park and Troxell 2002; Woloshuk and Shim 2013; Yin et al. 2016) . To date, a FUM gene cluster, which encodes the proteins and enzymes responsible for FB1 biosynthesis and regulation, has been well characterized (Alexander Proctor and McCormick 2009) . Recent evidence suggests that aspects of climate change, such as high temperature and drought, are associated with the increased incidence of fumonisin contamination and disease caused by the F. verticillioides (Shelby White and Bauske 1994; Miller 2001; Battilani et al. 2008) . Thus, efficient strategies for controlling this disease are urgently required.
In eukaryotic cells, genomic DNA is packaged into chromatin. As the basic component of chromatin, the nucleosome consists of histone proteins, the tails of which are subjected to a variety of post-translational modifications, such as methylation, phosphorylation, adenosine diphosphate-ribosylation, biotinylation, acetylation and ubiquitination (Strahl and Allis 2000) . Recently, several studies have shown that histone lysine methylation, which is a highly conserved process in a variety of organisms, is associated with epigenetic gene regulation (Peterson and Laniel 2004; Martin and Zhang 2005) . For example, methylation of histone H3 lysine 4 (H3K4me) and histone H3 lysine 36 (H3K36me) activates gene transcription. In contrast, methylation of lysine 9 on histone H3 (H3K9me) is important for gene silencing (Black Van Rechem and Whetstine 2012; Rivera et al. 2014) . Nevertheless, the roles of histone lysine methylations in filamentous fungi remain to be fully elucidated.
Previous studies have shown that the conserved SET domaincontaining proteins function as lysine histone methyltransferases (KHMTase), which are responsible for lysine methylation of histone H3 (e.g. H3K4, H3K9, H3K27 and H3K36) (Lachner and Jenuwein 2002; Schneider Bannister and Kouzarides 2002; Grewal and Moazed 2003; Kanoh et al. 2003; Lachner O'Sullivan and Jenuwein 2003; Sims Nishioka and Reinberg 2003; GarciaCao et al. 2004 ). These enzymes have been widely studied in filamentous fungi. Deletion of FgSET1 in F. graminearum and Magnaporthe oryzae blocks H3K4me and leads to significant defects in fungal virulence, and mycotoxin biosynthesis (Liu et al. 2015; Pham et al. 2015) . Set2 also methylates H3K36 and plays an important role in fungal development in Neurospora crassa (Adhvaryu Morris and Strahl 2005) . The methylation of lysines 9 on histone H3 (H3K9me) is catalyzed by the methyltransferase Dim5 in N. crassa and Botrytis cinerea (Tamaru and Selker 2001; Zhang et al. 2002 Zhang et al. , 2016 . However, the specific roles of KHMTase in fungal growth and virulence in filamentous fungi remain largely unknown.
In this study, we investigated the biological and genetic functions of FvDim5, which is the N. crassa Dim5 ortholog in F. verticillioides. We found that FvDim5 is important for trimethylation of H3K9 and regulation of secondary metabolism, environmental stress responses, fungal growth and virulence of F. verticillioides.
MATERIALS AND METHODS

Fungal strains, growth conditions, conidiation and mycelial growth tests
For mycelial growth tests, the Fusarium verticillioides wild-type strain 7600, the deletion mutant FvDim5 and the complementation strain FvDim5-C were incubated at 25
• C on different media described previously (Gu et al. 2017) . To determine the role of FvDim5 on conidiation, 50 mg mycelia from each strain were added to 20 ml liquid CMC medium and were cultured at 25
• C with shaking at 180 rpm (Iida et al. 2008) . After 4 days, conidia numbers were determined using a haemocytometer (QIUJING, Shanghai, China). Each experiment was repeated on three independent occasions.
Sequence analysis
The Dim5 ortholog of F. verticillioides was retrieved by BLASTp search of the F. verticillioides genome database (http://fungi. ensembl.org/Fusarium verticillioides/Info/Index) with the Neurospora crassa Dim5 protein sequence. Analysis for conserved domains of FvDim5 was performed using the SMART protein analysis tool (Bork Letunic and Doerks 2009) . The amino acid sequences of Dim5 orthologs identified in F. verticillioides (FvDim5), Schizosaccharomyces pombe (Clr4), Homo sapiens (Suv39h1) and Neurospora crassa (NcDim5) were aligned using Clustal W (Thompson, Higgins and Gibson 1994) . The phylogenetic tree was constructed with the Mega3.0 Beta program (Kumar, Tamura and Nei 2004) .
Sexual mating assays
Sexual mating assays were conducted to investigate the effects of FvDIM5 deletion on F. verticillioides sexual development (Sagaram, Shaw and Shim 2007) . All the strains were grown on carrot agar medium for 4 days (Klittich and Leslie 1988) . Each strain was then crossed with the conidia of the opposite mating type strain 7598 (10 7 /ml) and cultured at 20
• C (14 h /10 h light/dark cycle) for 21 days until perithecia were observed.
Generation of FvDIM5 deletion and complementation strains
The FvDIM5 deletion vector was constructed using the doublejoint PCR method described previously (Yu et al. 2004) . The primers listed in Table S1 (Supporting Information) were used to amplify the flanking sequences to generate the FvDIM5 deletion vector. The resulting constructs were then transformed into the protoplasts of the wild-type strain 7600 using the protocol described by Gu et al. (2015a) . To confirm the phenotypic changes observed in the FvDIM5 deletion mutants were due to loss of FvDim5 functions, complementation strains were created by transforming a DNA fragment containing the full-length FvSET2 gene, the native FvSET2 promoter and the putative terminator into protoplasts from the FvDim5 strain (Gu et al. 2015b ).
Fungal virulence assays
To test the effect of FvDIM5 deletion on fungal virulence of F. verticillioides, conidial suspensions (10 μl of a suspension at 10 6 conidia/ml in sterilized water) prepared from each strain were then injected into the stem of the maize cultivar B73. The injected maize plants were incubated for 15 days at 25 • C (80% humidity). Six repetitions were performed for each strain. The infected maize plants were dissected longitudinally at 15 days post-infection (dpi) and subsequently characterized. To investigate colonization capability, wounded areas of surfacesterilized maize kernels were inoculated with conidia of the mutant strains (n = 5 per strain) and incubated at 25
• C (100% humidity; (12 h/12 h light/dark cycle). After 20 days, colonization of the maize kernels was evaluated in photographs. Each experiment was repeated on three independent occasions.
Determination of FB1 production in each strain
To determine the role of FvDim5 in FB1 production, sterilized maize kernels (25 g) were inoculated with mycelial plugs (n = 5 per strain). At 21 dpi, FB1 was extracted and analyzed as described previously (Shim and Woloshuk 2001) . Furthermore, fungal ergosterol in maize kernels was measured by HPLC (Waters 1525) (Gu et al. 2015c) . Each experiment was repeated on three independent occasions.
RNA extraction and quantitative real-time PCR
Amylase gene expression in F. verticillioides was evaluated by quantitative real-time PCR (RT-qPCR). Bovine serum albumin liquid medium containing 2% corn starch was inoculated with mycelia and cultured for 36 h at 25
• C in a shaking incubator (180 rpm) (Bluhm and Woloshuk 2005; Ridenour et al. 2014) . In Magnaporthe oryzae, MoBuf1 and MoRsy1 were associated with melanin biosynthesis (Chumley and Valent 1990) . The othologs of MoBuf1 and MoRsy1, FvBuf1 and FvRsy1, were identified via BLASTp searches of the F. verticillioides genome. For analysis of FvBUF1 and FvRSY1 expression, strains were cultured for 36 h in liquid minimal medium (MM) medium. After harvesting by filtration over miracloth (2 layers), mycelia were frozen in liquid nitrogen and ground for extraction of total RNA using the RNAiso Reagent (TaKaRa). Reverse transcription was performed according to the protocols described previously (Gu et al. 2015a) . RT-qPCR reactions were performed in a LightCycler480 System (Roche) using SYBR Green to monitor cDNA amplifications. Cycling conditions were described previously (Ballester et al. 2015) . For each primer pair and each sample, the PCR efficiency and the quantification cycle were assessed using the LinRegPCR software version 2014.2 (Ruijter et al. 2009 ). The FvACTIN gene was amplified as a reference using the FvActinF+FvActin-R primer pair (Table S1 ) (Alessandra et al. 2010) . The reference gene was used to calculate the relative expression levels using the Ct method (Livak and Schmittgen 2001) . The primers used for determination of target gene expression are listed in Table S1 . Amplicon specificity was examined by analysis of the melting curve (Ballester et al. 2015) . Each experiment was repeated on three independent occasions.
Western blotting assays
For western blotting assays, 150-ml liquid complete medium (CM) was inoculated with fresh mycelia and cultured at 25
• C for 36 h in a shaking incubator (200 rpm) before harvesting. Mycelia were washed (deionized water) and ground in liquid nitrogen for protein extraction (Gu et al. 2015b) . Following separation by SDS polyacrylamide gel (10% denaturing) electrophoresis, proteins were transferred by electroblotting (BioRad) to an Immobilon-P transfer membrane (Millipore, Billerica, MA, USA). H3K9 trimethylation and phosphorylated FvHog1 were detected by probing the membrane with Ab8898 (Abcam, Cambridge, MA, USA) and a phosphor-p38 MAP kinase antibody (Cell Signaling Technology, Boston, MA, USA), respectively. Membranes were also probed with an anti-GAPDH antibody (Huabio, Hangzhou, China) as a control. Each experiment was repeated on two independent occasions.
Statistical analysis
All statistical analyses were conducted using SAS version 8.0 (SAS Institute, Cary, NC, USA). Data were represented as the mean ± standard deviation. Differences between groups were analyzed by analysis of variance, and P < 0.05 was considered to indicate statistical significance.
RESULTS
FvDim5 plays an important role in trimethylation of H3K9 in Fusarium verticillioides
In Neurospora crassa, a SET domain-containing protein Dim5 was found to be important for H3K9 methylation. The role of FvDim5 in F. verticillioides was investigated by identification of a single otholog of N. crassa Dim5, FvDim5 (FVEG 08911), via BLASTp searches of the F. verticillioides genome (Cuomo et al. 2007; Ma et al. 2010) . The putative amino acid sequence of FvDim5 shared 62% identity with that of N. crassa Dim5 (Fig. S1 , Supporting Information). Similar to other identified H3K9 methyltransferases in eukaryotes, FvDim5 was also predicted to contain the PreSET, SET and PostSET domains (Fig. 1A) . For genetic characterization of the function of FvDim5, we generated the FvDIM5 deletion mutant ( FvDim5) using the homologous recombination strategy (Fig. S2A, Supporting Information) . PCR analysis of 78 transformants with the A5+A6 primers (Table S1 ) yielded three FvDIM5 deletion mutants. The FvDIM5 deletion mutant was further verified by Southern blotting (Fig. S2B) . To confirm that the defects observed in FvDim5 were caused by FvDIM5 deletion, FvDim5 was transformed with full-length FvDIM5 to generate the complementation strain FvDim5-C, which was verified by PCR analysis using the A5+A6 primers.
To further explore the role of FvDim5 in catalyzing H3K9 methylation, we determined the level of H3K9 trimethylation in wild type, the FvDIM5 deletion mutant ( FvDim5) and the complementation strain ( FvDim5-C). Compared with the wild-type and complementation strains, FvDim5 displayed a significant reduction in H3K9 trimethylation, indicating that FvDim5 functions as a KHMTase in H3K9 trimethylation in F. verticillioides (Fig. 1B) .
FvDim5 regulates fungal development in Fusarium verticillioides
To explore the roles of FvDim5 in fungal growth of F. verticillioides, the wild-type 7600, FvDim5 and FvDim5-C were cultured on potato dextrose agar, CM and MM, respectively, at 25
• C. Compared with the wild-type and complementation strains, the vegetative growth of FvDim5 was significantly reduced under each of the growth conditions, indicating that FvDim5 is indispensable for fungal growth of F. verticillioides (Table 1) .
To determine the impacts of FvDIM5 deletion on sexual development of F. verticillioides, the wild-type, FvDim5 and FvDim5-C strains were crossed to the opposite mating type strain 7598. After 21 days, the FvDim5 strain exhibited defective perithecium development ( Fig. 2A) , suggesting that FvDim5 plays an indispensable role in the sexual development of F. verticillioides.
To investigate the effects of FvDIM5 deletion on asexual development, mycelial plugs (n = 10) of each F. verticillioides strain were cultured in CMC liquid medium at 25
• C. After 4 days, FvDim5 exhibited defective conidiation compared with that of the wild-type and complementation strains (Fig. 2B) , suggesting that FvDim5 positively regulates F. verticillioides conidiation. Furthermore, there were no defects in FvDim5 conidial germination in 2% (W/V) sucrose solution (data not shown)
FvDim5 is required for full virulence of Fusarium verticillioides
To explore the roles of FvDim5 in fungal virulence, the conidia of each strain were injected into wounded maize stems. After 15 days, the lesions caused by FvDim5 were significantly smaller than those caused by the wild-type and complementation strains (Fig. 3A) . Furthermore, in assays of the colonization ability of each strain, the FvDim5 strain exhibited a dramatic reduction in aerial hyphal formation during pathogenesis (Fig. 3B) . These results indicated that FvDim5 is required for full virulence of F. verticillioides. In addition, the expression of predicted genes encoding alpha, beta and gamma amylases FvAMY1, FvGMY1 and FvMLT1 were analyzed with quantitative polymerase chain reaction (qPCR) during each strain growing on corn starch medium. Expression of amylase genes were found to be reduced significantly in FvDim5 as compared to the wild type and complementation strains, indicating that FvDim5 is associated with the expression of amylase genes in F. verticillioides.
FvDim5 is associated with pigmentation and FB1 production in Fusarium verticillioides
Compared with the wild-type and complementation strains, FvDim5 exhibited increased black pigmentation when cultured on MM medium (Fig. 4A) . Furthermore, the expression levels of two melanin biosynthesis-related genes, FvBUF1 (FVEG 12220) and FvRSY1 (FVEG 11969), were found to be significantly upregulated in FvDim5 (Fig. 4B) , suggesting that FvDim5 FvDim5 relative to that in the wild-type progenitor. Data represent the mean ± standard error (SE) of three independent experiments. Identical letters indicate no significant difference at P = 0.05. (C) FB1 production in infected maize kernels 21 days after inoculation. Data represent the mean ± standard error (SE) of three independent experiments. Identical letters indicate no significant difference at P = 0.05. negatively regulates biosynthesis of melanin-like pigment in F. verticillioides. However, unusual pigment levels were not detected when FvDim5 was cultured in nutrient-rich media, such as CM and Yeast Extract Peptone Dextrose (YEPD) (data not shown). Additionally, the levels of FB1 produced by FvDim5 were 30% greater than those produced by the wild-type strain (Fig. 4C ). These observations suggested that FvDim5 functions as a negative regulator of FB1 production in F. verticillioides.
Involvement of FvDim5 in responses to osomotic stresses in Fusarium verticillioides
To date, the relationships between H3K9me and multiple stress responses remain to be clarified. In the current study, we FvDim5-C complementation strains were potato dextrose agar (PDA) with or without 1 M sorbitol and 1 M NaCl. (B) Inhibition of mycelial growth after incubation for 3 days. Data represent the mean ± standard error (SE) of three independent experiments. Identical letters indicate no significant difference at P = 0.05. (C) Western blot analysis of FvHog1 phosphorylation (detected using phosphorp38 mitogen-activated protein (MAP) kinase antibodies) in the mycelia cultured in potato dextrose broth for 36 h. GAPDH was detected as a reference. explored the impact of FvDIM5 deletion on responses to osmotic stresses, oxidative stresses and cell-wall damaging agents. Compared with the wild-type and complementation strains, FvDim5 exhibited significantly increased tolerance to osmotic stresses (0.7 M NaCl or 1.0 M sorbitol; Fig. 5A and B, respectively). Osmotic stress responses in Saccharomyces cerevisiae are mediated by mitogen-activated protein kinase Hog1 phosphorylation; therefore, we determined the levels of FvHog1 phosphorylation of each strain in F. verticillioides to elucidate the role of FvDim5 in osmotic stress responses. Compared with the wildtype and complementation strains, FvDim5 exhibited dramatically higher FvHog1 phosphorylation (Fig. 5C ), indicating that FvDim5 plays a critical role in regulating the phosphorylation of FvHog1.
DISCUSSION
In eukaryotes, H3K9 methylation is generally associated with regulation of transcriptional repression (Berger 2007) . Similar to other identified histone lysine methyltransferases, the so-called SET domain was also identified in H3K9 KHMTases in many organisms, including Drosophila, Schizosaccharomyces pombe and Neurospora crassa (Rea et al. 2000) . However, the roles of KHMTases in H3K9 methylation in pathogenic fungi are relatively undefined. Thus, in this study, we conducted BLASTp searches of the F. verticillioides genome to identify the FvDIM5 (FVEG 08911) ortholog of N. crassa Dim5 to further elucidate the function of H3K9 methylation. Further analysis indicated the presence of a typical SET domain in the FvDim5 protein. Furthermore, FvDIM5 deletion blocked H3K9 trimethylation, indicating that FvDim5 has H3K9me KHMTase activity in vivo (Fig. 1) .
Dim5 regulates the development of the fungal pathogen Botrytis cinerea (Zhang et al. 2016) . BcDIM5 deletion in this species causes defects in vegetative growth, conidiophore development and sclerotia production. Similarly, in this study, the FvDIM5 deletion mutant displayed significant defects in hyphal growth (Table 1) . Conidial spore formation is the first step in triggering the asexual development and important for spreading the disease. Here, we found that FvDim5 exhibited a significant defect in conidiation (Fig. 2B) , which may be resulted from the reduction of vegetative growth in the mutant. In addition, we observed that FvDim5 failed to produce perithecia, suggesting that FvDim5 is necessary for sexual development (Fig. 2A) . The reduction of FvDim5 in fungal growth could be one important contribution to the defect of perithecia formation in the mutant. Taken together, these findings indicate the importance of FvDim5 in F. verticillioides development.
Recent studies have revealed that histone H3 lysine methyltransferases are indispensable for virulence of pathogenic fungi. Nevertheless, to date, the function of Dim5 in fungal virulence of pathogenic fungi has been studied only in B. cinerea. Pathogenicity assays showed that BcDIM5 knockout mutants exhibited decreased pathogenicity and downregulated expression of pathogenic-related genes (Zhang et al. 2016) . Here, we also found a clear connection between FvDim5 and pathogenicity in F. verticillioides (Fig. 3A and B) , which is consistent with the findings in B. cinerea. One contributing factor to the defects of the mutant FvDim5 in fungal virulence could be related to the reduction in growth rate. Furthermore, F. verticillioides was found to produce various cell-wall-degrading enzymes during pathogenesis, especially amylases, which are required to colonize maize kernels (Bluhm and Woloshuk 2005; Bluhm et al. 2008; Ridenour et al. 2014) . Here, we showed that FvDIM5 deletion caused a significant reduced transcription of amylase genes transcription compared with the levels detected in the wild-type and complementation strains (Fig. 3C) , thus providing further evidence in support of the critical role of FvDim5 in fungal virulence.
Accumulating evidence indicates an association between histone H3 lysine methylation and secondary metabolism in filamentous fungi (Palmer et al. 2013; Liu et al. 2015; Studt et al. 2016) . During fungal development, F. verticillioides produces various secondary metabolites. In this study, FvDim5 was found to produce increased melanin-like black pigmentation compared with that of the wild-type and complementation strains. Furthermore, FvDim5 produced significantly higher levels of melanin-related genes expression ( Fig. 4A and B) , implicating FvDim5 as a negative regulator of melanin biosynthesis in F. verticillioides. Melanin, which is widely found in many pathogenic fungal species, plays an important role in fungal pathogenesis (Jacobson 2000; Nosanchuk Stark and Casadevall 2015; Cordero and Casadevall 2017) . To date, the roles of melanin in fungal virulence of F. verticillioides are still unknown. In this study, although a significant increase of melanin production was found in FvDim5, the pathogenicity of the mutant was impaired. This result implied that the increased production of melanin may not be associated with pathogenicity in F. verticillioides. In addition, we found that FvDim5 produced more FB1 than the wild-type and complementation strains (Fig. 4C) , suggesting that FvDim5 also negatively regulates FB1 biosynthesis. Thus, these results demonstrate that FvDim5 is critical for secondary metabolism in F. verticillioides.
H3K9 methylation is associated with multiple aspects of growth and metabolism in eukaryotes; however, few studies have demonstrated a direct relationship between H3K9me and various environmental stress responses. Therefore, in the current study, we investigated the roles of H3K9 methylation in multiple stress responses in F. verticillioides by evaluating the sensitivity of FvDim5 to various environmental stresses, including osmotic and oxidative stress conditions, and exposure to cellwall-damaging agents. In this study, we found that FvDIM5 deletion significantly increased the tolerance to osmotic stresses. In Saccharomyces cerevisiae, phosphorylation of the Hog1 component of the stress-activated high osmolarity glycerol (HOG) pathway is associated with osmotic stress responses (Saito 2010; Saito and Posas 2012; Furukawa and Hohmann 2013) . In this study, we detected significantly higher phosphorylation of FvHog1 (ortholog of yeast Hog1) in FvDim5 compared with the levels detected in the wild-type and complementation strains, indicating that FvDim5 is involved in regulation of the HOG pathway in F. verticillioides. The fungal cell wall is a highly dynamic structure that changes continuously in response to different environmental conditions, and a more rigid cell wall structure consequently leads to better resistance against abiotic stress (Dubey et al. 2012) . Increased melanin content in fungal cell has been found to be important for protecting fungi from diverse environmental insults by increasing fungal cell strengths and rigidity. Here, we found increased melanin production in the mutant FvDim5, which may partially explain the increased abiotic stress tolerance to osmotic stresses.
In summary, we have demonstrated that the H3K9me KHMTase FvDim5 functions as a negative regulator of fungal secondary metabolism in F. verticillioides, while mediating positive regulation of vegetative growth, fungal virulence, and sexual and asexual development. However, the molecular mechanisms by which H3K9me regulates the expression of the genes that mediate these effects in F. verticillioides remain to be clarified.
